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A large number of Ultra-Luminous X-ray Sources in external galaxies is now known, but the discussion about their
nature is still unsettled: intermediate-mass black holes or stellar-mass black holes accreting above the Eddington limit? A
promising path that can provide an answer is through comparison with “normal” stellar-mass black holes. These display
separate states, identified from both their energy spectra and their fast variability. Although the nature of these states
and their transitions is not clear, such a comparison can be extremely useful. In this paper, I briefly outline our current
phenomenological knowledge of these states and present a (partial) overview of the different approaches followed to make
these comparisons.
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1 Introduction
The nature of Ultra-Luminous X-ray Sources (ULX) in ex-
ternal galaxies is still under debate. Since their observed
luminosity exceeds the Eddington limit for a stellar-mass
black hole, the three possible interpretations are: (1) their
mass is much larger than 10M⊙ or (2) their emission is not
isotropic, i.e. beamed towards us (see other articles in this
issue for an overview) or (3) they emit above the Eddington
luminosity.
While the observational properties of ULXs do not al-
low yet to constrain the mass of the central object, it is
reasonable to expect that accretion in these objects can be
compared to that onto super-massive and stellar-mass black
holes. In particular, stellar-mass black holes offer the clear-
est phenomenology of variability which takes place on time
scales accessible for 100-1000 M⊙ counterparts. The main
problems with this approach are two. First, the distance to
external galaxies results in lower statistics, currently limit-
ing the possibility of a detailed comparison. Second, ma-
jor aspects of accretion onto X-ray binaries are not yet un-
derstood in terms of physical models, in particular when
dealing with fast aperiodic variability. This means that the
comparison will often be phenomenological, although this
in turn will offer a way to obtain a better understanding of
the accretion process at large.
In this paper, I outline the current observational status
on black-hole binaries in terms of source states and examine
the recent results on ULXs to give an overview of the level
of comparison that can be made at present together with the
possibilities for the near future.
⋆ Corresponding author: e-mail: tomaso.belloni@brera.inaf.it
2 States in black-hole binaries
Thanks in particular to the Rossi X-Ray Timing Explorer
(RXTE), the past decade has seen a large increase in the
observational information on galactic black-hole binaries
(BHB), in particular on transient systems. While it is pos-
sible to extract and analyze full energy spectra at low (e. g.
RXTE) and high (e.g. Chandra, XMM-Newton) resolution,
the complexity of these observables makes a classification
very difficult. The time evolution of transients is very var-
ied and offers little information common to all sources and
outbursts, unlike the pre-RXTE situation when most of the
handful of known transient sources showed a rather sim-
ple fast rise-exponential evolution (with complications: see
Tanaka & Lewin 1996). One thing which is important to
stress, as it is often overlooked, is that any robust state clas-
sification must necessarily be based both on spectral and
timing properties (see Remillard & McClintock 2006; Bel-
loni 2010).
However, using crude X-ray estimators allows to reduce
the complex variations within a simple scheme which pro-
vides a framework to which complex models can be ap-
plied and tested (see Belloni 2010). Three (instrument de-
pendent) quantities are easy to extract from the data: the to-
tal source count rate within a reasonably broad band, the
hardness-ratio (the ratio of hard to soft photons) and the
amount of variability (whether expressed in absolute or frac-
tional terms). They vary throughout the outburst of a tran-
sient (but also in persistent systems) and their combination
defines precisely the source state. In the context of ULX
comparison, the most useful tool is the Hardness-Intensity
Diagram (HID), where net source count rate is plotted as a
function of spectral hardness (defined as the ratio of counts
in two energy bands, with the higher-energy band at the nu-
merator).
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The position of a source in the HID is determined by
its energy spectrum in the 3-20 keV energy band (from the
RXTE/PCA). We know that this spectrum is rather complex
(see, e.g., Gilfanov, 2010), but the two major components
which are (or can be) present are a thermal component, in-
terpreted as the emission from a thermal optically-thick and
geometrically-thin accretion disk, plus a harder component
which in this energy range can roughly be described by a
power law with large variations in its spectral index. Once
all observations from an outburst of a transient or all ob-
servations of a persistent system are put on this diagram, a
pattern appears. First, the source populates well-defined re-
gions of this diagram. Second, many sources follow a sim-
ilar pattern in their time evolution throughout the outburst.
The evolution of the energy spectrum, however, is not suf-
ficient to characterize the “state” of the source. In addition,
the properties of the time variability on time scales shorter
than ∼10 seconds have to be considered. The analysis of
power density spectra and phase lag spectra shows different
components such as noise and Quasi Periodic Oscillations
(QPO). These components show abrupt changes which can-
not be ignored for a classification in terms of discrete states
(see Belloni et al. 2005; Belloni 2010).
A sketch of the HID can be seen in Fig. 2. There are two
ways of looking at this diagram: a dynamic and a static one.
Dynamically, one can follow the evolution of one source
(or one outburst) in the diagram. A number of sources (see
Homan & Belloni 2005; Fender, Homan & Belloni 2009;
Belloni 2010) follow roughly a ‘q’ shaped path on the dia-
gram in a counterclockwise direction (see Fig. 1). Indepen-
dent of the dynamical evolution throughout outbursts, less
interesting for the case of ULX, one can adopt a static view
and examine the spectral and timing properties associated
to different regions (or branches) in the HID. In particu-
lar, when the fast time variability is considered a number
of well-defined states can be identified (see Fig. 2). These
states are: Low Hard State (LHS), Hard Intermediate State
(HIMS), Soft Intermediate State (SIMS) and High Soft Sta-
te (HSS). More physics-based diagrams such as the Disk
Fraction Luminosity Diagram (DFLD, Ko¨rding, Jester &
Fender 2006; Dunn et al. 2010) can also be used.
The time variability of these states is markedly different.
While the LHS is characterized by a very strong (20-40%
fractional rms) aperiodic noise as the sum of broad-band
components in its Power Density Spectrum (PDS), the HSS
displays very little variability (a few % fractional rms), also
in the form of continuum components in the PDS. The main
feature of the intermediate states is the presence of strong
quasi-periodic oscillations (QPO). These are of four types:
A, B, C (all at low frequencies) and high-frequency (HF)
(see Casella, Belloni & Stella 2005; Belloni et al. 2005;
Motta et al. 2010 in prep.). As type-A QPOs are very weak
and elusive even for BHBs, they can be ignored here. Type-
C QPOs are the most common, found in the HIMS: they are
associated to band-limited noise, their frequency ranges be-
tween 0.01 and 20 Hz for a single source, evolving smoothly
Fig. 1 Sketch of a Hardness-Intensity Diagram (HID) for
a transient black-hole binary with the areas corresponding
to the different states marked.
throughout the state (softer spectra have higher frequency).
There is a good correlation between their frequency and the
spectral index of the hard spectral component (Vignarca et
al. 2003). A harmonic series of peaks is usually observed.
Their fractional rms is typically around 10%. Type-B QPOs,
found in the SIMS (which they define), are associated to
weak power-law noise and span a much more limited range
in frequency (1-6 Hz), correlated with source flux. Their
fractional rms is a few %. Harmonic peaks are often present.
Figure 3 shows two cases QPOs of B and C types, chosen
to have the same centroid frequency. The main difference
between these two is the presence/absence of broad-band
noise (other differences are less evident in this plot, see Bel-
loni 2010). Finally, HF QPOs are very rare, of a few % frac-
tional rms, with frequencies between 70 and 450 Hz, found
in the SIMS. Of the handful of existing detections, in few a
second QPO is present. The frequency of the higher of the
two QPOs scales roughly with the black-hole mass.
The most common states, where sources spend most of
their time, are the LHS and the HSS, a discussion whose
characteristics can be found in Gilfanov (2010). A com-
parison on the basis of these two states is useful, but it
relies mostly on detailed spectral fitting, which is difficult
for BHB due to high signal-to-noise and equally difficult
for ULX due to low signal-to-noise. The time variability is
also complicated due to low statistics. The two intermediate
states are particularly interesting as they are associated with
QPOs. The centroid frequency of a QPO, a very robust mea-
surement, can be compared between BHB and ULX and,
depending on the adopted model, a scaling law can yield the
mass of the compact object in the latter. The problem here
lies in the absence of a general physical model to interpret
QPOs.
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Fig. 2 Top panel: a LHS power spectrum of Cygnus X-1.
The total fractional rms is around 30%. The red lines are the
fit components. Bottom panel: a HSS power spectrum from
a 57-ks RXTE observation of GX 339-4. The total fractional
rms is a few %
Type-C QPO
0.01-20 Hz
Type-B QPO
1-6 Hz
P
o
w
e
r
P
o
w
e
r
Frequency (Hz)
0.1 1 10 100
Fig. 3 Top panel: a type-C QPO at 6 Hz (with broad-
band noise). Bottom panel: a type-B QPO at the same fre-
quency for comparison. Broad-band noise here is replaced
by weaker power-law noise.
3 States in ULX
Two separate paths to compare BHB and ULX can be fol-
lowed: one based on energy spectra and one based on vari-
ability.
3.1 Spectral approach
Fitting energy spectra of ULXs to the same models used
for BHBs allow to compare directly their emission. The ad-
vantage is that we have physical models for the origin of
the emission (although not 100% understood). For instance,
a thermal accretion disk model can in principle provide a
measurement of the mass of the black hole through the in-
nermost disk radius. LHS-type and HSS-type spectra have
been reported for ULX in the past years. Interesting are
the intermediate cases, i.e. energy spectra which are neither
disk nor hard-component dominated. An example is the two
ULX in NGC 1313, for which Miller et al. (2003) found
evidence of double-component spectra. The presence of a
hard component together with a disk component with inner
temperature ∼150 eV as opposed to the ∼1 keV found in
intermediate states of BHB suggests a high mass (100-1000
M⊙).
BHBs undergo state transitions. While the transition it-
self is very fast and difficult to observe in ULXs with only
a few observations, the observation of two separate states
at different times can also be compared with galactic sys-
tems. Holmberg II X-1 was observed in a bright state in
April 2002 and then in a low-flux (by a factor of four) state
five months later (Dewangan et al. 2004). However, in the
two-component spectrum fitted to the XMM-Newton data
the fainter spectrum corresponded to the softer spectrum.
This is not inconsistent with BHBs, as both the soft and the
hard state can be found over a rather large (and overlapping)
range in luminosities.
More observations of the same system can help the spec-
tral analysis and make the results more robust. This is an
area where interesting results are starting to appear. The
analysis of a few observations of NGC 5204 X-1 with XMM
and Chandra showed an evolution similar to that observed
in BHBs: brighter spectra show a steeper hard component
and a hotter inner disk which follows the ∝ T 4 law (Feng
& Kaaret 2009). However, the same authors find that the
same is not true for IC 342 X-1. Later, the analysis of a
source in M 82 which was not classified as an ULX showed
that it had moved to an ultra-luminous state, again with the
expected temperature changes (Jin, Feng & Kaaret 2010).
Other observations lead to varied conclusions. The analy-
sis of a large number (12) of XMM-Newton observation
of NGC 1313 led to the conclusion that NGC 1313 X-1
showed spectral variations similar to those of galactic sys-
tems from LHS to intermediate states, but never reaching
the soft state (Feng & Kaaret 2006). On the other hand,
the same work reports that NGC 1313 X-2 is incompatible
with that picture, showing a LHS spectrum that hardens as
the source brightens, something never observed in galactic
www.an-journal.org c© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 4 X-ray luminosity versus disk inner temperature in-
ferred from X-ray spectral fits for a sample of ULXs and of
BHBs. From Miller, Fabian & Miller (2004).
sources. The same NGC 1313 X-2 was subsequently found
to have also a luminosity-temperature dependence opposite
to what expected but compatible with a super-Eddington
model (Feng & Kaaret 2007a). Recently, evidence for two
separate states was presented for NGC 1313 X-1 by Dewan-
gan et al. (2010). Besides a clear spectral difference, large
(∼ 15%) variability was observed connected to the hard
spectrum and low (<3%) with the soft spectrum, in line with
the Galactic counterparts. Intensive monitoring with Swift
is also very useful to follow spectral variability. Kaaret &
Feng (2009) monitored four systems and discovered a strong
brightening of the nuclear source in NGC 4395. The spec-
trum of Hol IX X-1 was followed with Swift: subtle spectral
variations of a Comptonized component were interpreted in
the framework of a corona whose density increases as the
source brightens, consistent with material being blown away
from a super-Eddington disk (Vierdayanti et al. 2010).
Very promising are the studies on samples of sources,
although they of course assume that all sources belong to
the same class, while it is possible, if not likely, that not all
ULXs are the same type of system. Miller, Fabian & Miller
(2004) compared a sample of ULXs and BHBs in a LX vs.
kTin plane (see Fig. 4). Clearly the ULXs occupy a dif-
ferent region of the plane, corresponding to a much larger
inner radius, which in turn means higher mass. Although
this analysis is complicated by the presence of galaxy emis-
sion, this plot is the first approach to source samples. Win-
ter, Mushotsky & Reynolds (2006) analyzed a large sam-
ple of XMM-Newton ULXs and find 16 consistent with a
LHS and 26 with a HSS. The inner disk temperatures of the
HSS objects were found to belong to two separate distribu-
tions: one around 0.1 keV and one around 1 keV(Fig. 5).
Fig. 5 Blackbody temperature versus 0.3–10 keV lu-
minosity for HSS objects (from Winter, Mushotsky &
Reynolds 2006). The presence of two population is appar-
ent.
The former were identified with intermediate-mass objects,
the latter with stellar-mass objects. The sample also yielded
a set of spectral parameters which are important for com-
parison. Complex spectral results were presented by Kajava
& Poutanen (2009) from the analysis of a sample of 11 sys-
tems. They found sources with a power-law spectrum where
the spectral index correlated positively with luminosity, as
in BHB, and a couple where there is an anticorrelation. For
the sources that can be fitted with a single thermal com-
ponent, the kT vs. LX correlation is the expected T 4. The
power-law fits can be improved also by the addition of a soft
component with a different kT vs. LX relation. The authors
discuss the possibility that the soft flux could be disk emis-
sion beamed by an outflowing wind.
Models beyond standard accretion disk models are also
being investigated. They were developed for BHB to inter-
pret the peculiar spectra at very high luminosity (see e.g.
Middleton et al. 2006 for energy spectra and Belloni 2010
for time variability). The presence of an “ultraluminous”
or “anomalous” state has been proposed by Tsunoda et al.
(2006) and Gladstone et al. (2009). Figure 6 shows the Lbol
vs. kT relation for BHBs at high accretion rate and a sample
of ULXs. The deviation from the T 4 curve at high luminos-
ity is apparent.
3.2 Timing approach
A high count rate is needed for the analysis of aperiodic
time variability, which means that results can be obtained
only for few sources in external galaxies with current instru-
ments. As a result, there are very few systematic studies and
c© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org
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Fig. 6 Blackbody temperature versus bolometric lumi-
nosity for multicolor-disk fits to ULXs and bright BHBs.
The dotted and dot-dashed lines represent Lbol ∝ T 4 and
Lbol ∝ T
2 respectively. The dashed lines are Lbol ∝
T−4 (corresponding to constant Eddington ratio η =
Lbol/LEdd). From Tsunoda et al. (2006).
the field is mostly made of single detections of timing fea-
tures. Heil, Vaughan & Roberts (2009) analyzed 19 XMM-
Newton observations of ULXs: they found six objects with
significant variability and four with a stringent upper limit
well below those and also below the corresponding variabil-
ity observed in galactic sources. They conclude that in some
ULXs variability is suppressed, although this effect could
be due to observational effects. Once a larger database of
observations is available, this type of study will be crucial
for the comparison between classes of systems. The same
group reported the observation of a linear rms-flux relation
in NGC 5408 X-1 and the first measurement of time de-
lays between hard and soft photons (Heil & Vaughan 2010)
The rms-flux relation is similar to that observed in galactic
BHBs and AGN, but the time delays are reversed. Still, im-
portant measurements such as the hardness-rms diagram for
a sample of sources have not been made.
Strohmayer & Mushotsky (2003) discovered a QPO in
an XMM-Newton observation of M 82 X-1. Its centroid fre-
quency was 54.5 mHz with a FWHM of ∼11 mHz and an
integrated fractional rms of 8.4% in the 20–10 keV band.
They also found evidence in RXTE data for another (non-
simultaneous) peak at 107 mHz. Because of the point spread
function of XMM-Newton, it was debated whether the QPO
comes indeed from X-1 or from a nearby source (Feng &
Kaaret 2007b). A later long XMM-Newton observation of
M 82 X-1 showed the QPO to be still present, but stronger
and at a different frequency (see Fig. 7, Mucciarelli et al.
2006). The fractional rms was 18.3% and the centroid fre-
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Fig. 7 Total power spectrum of M 82 X-1 from the 2004
XMM-Newton observation (from Mucciarelli et al. 2006).
quency 113 mHz, around twice the previous value. The sig-
nal was stronger than in 2002 and it was possible to look
for variability within the observation: the QPO drifted by
20% during the observation. In addition to the QPO, a noise
component is apparent in Fig. 7, with a characteristic fre-
quency of ∼40 Hz and a fractional rms of 22%. Long-term
variability and the presence of a strong noise component
led the authors to identify the QPO as of type C. Unfortu-
nately, that QPO was observed in BHBs over a large range
of frequencies, even lower than the one observed here. In
principle, this detection would allow for a 1M⊙ black hole.
Moreover, the QPO was also observed in a series of RXTE
observations only at frequencies compatible with 0.5 or 1.5
times the second XMM-Newton detection, making it ap-
pear at frequencies in 1:2:3 ratios, something not observed
in galactic counterparts.
Another QPO was discovered with XMM-Newton from
NGC 5408 X-1 (Strohmayer et al. 2007) at a frequency of
20 mHz, with a quality factor (ν0/∆ν) of 6 and a fractional
rms of 9%. Also in this case a strong broad component is
observed, with a break around the QPO frequency. Select-
ing when the QPO is more prominent, there is evidence for
a second QPO peak around 15 mHz. Again, this is sim-
ilar to type-C QPOs, aside for the second non-harmonic
peak. A second XMM-Newton observation of NGC 5408
X-1showed the QPO at 10 mHz (Strohmayer & Mushotsky
2009). A comparison with the previous observations shows
that the QPO frequency increases with disk flux, while its
rms (and that of the noise) decreases, in analogy of what
seen in BHBs. Using the known correlation between QPO
frequency and power-law spectral index for BHBs (see Vig-
narca et al. 2003) they derive a mass estimate of 2000-5000
M⊙.
An approach based on general correlations between pa-
rameters was followed by Casella et al. (2008). We observe
clear QPOs in two systems. In galactic BHBs, the QPO fre-
quency shows a very tight correlation over two orders of
magnitude with a higher-frequency feature (Psaltis, Belloni
www.an-journal.org c© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 8 Power spectrum of NGC 5408 X-1 in the second
XMM-Newton observation (from Strohmayer & Mushotsky
2009). A characteristic error bar is shown.
& van der Klis 1999; Belloni, Psaltis & van der Klis 2002).
The frequency of this feature is known to follow a corre-
lation over eight orders of magnitude with mass accretion
rate encompassing BHBs and AGN, after correction for the
black-hole mass (Ko¨rding et al. 2007). Therefore, knowing
the QPO frequency and the mass accretion rate the combi-
nation of these correlations can give us an estimate of the
black hole mass. In order to extract the accretion rate from
the observed luminosity one needs to assume an efficiency.
Applying this indirect method to the two QPO detections
and assuming conservative errors in the correlations, the au-
thors obtain masses in the range 100-1300M⊙.
4 Conclusions
The comparison between X-ray properties of galactic X-
ray binaries and Ultra-luminous X-ray sources in external
galaxies appears to be one of the most promising approaches
to unveil the nature of the latter. While they are probably
not a homogeneous population, similar spectral and tim-
ing properties have been found for some (bright) systems.
Longer and extended campaigns with sensitive instruments
such as XMM-Newton an Chandra are needed to enlarge
the existing sample of detailed properties, through both new
observation of fainter systems and repeated observations of
bright ones.
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